A randomised prospective controlled study was conducted during a one-year period on patients scheduledfor oesophagectomy via a right thoractomy approach. Twenty-two patients received one-lung ventilation (OL V group) and twenty patients received high frequency positive pressure ventilation (HFPPV group). Episodic hypoxaemia (Sa02 < 90%for > 30 seconds, Fio21.0) occurred in eleven patients in the OLVgroupandsix patients in the HFPPV group. No patient in the HFPPV group had a severe desaturation episode (Sa02 < 80%, Fio2 1.0) compared with nine patients in the OLV group (P< 0.05). The mean peak inspiratory pressure and average mean airway pressure were significantly lower in the HFPPV group 28.8 (SD 7.7) and 7.2 (SD 2.4) cm H 2 0 respectively, compared with the OLV group, 40.0 (SD 9.9) and 11.9 (SD 4.9) cm H 2 0 (P< 0.05).
right thoracotomy and a laparotomy for the preparation of the bowel segment to replace the resected tumourous oesophagus. 3 As the oesophagus is relatively inaccessible in the posterior mediastinum and anastomotic leakage is associated with a high mortality, surgical resection requires the best possible exposure. 4 In the past this has been achieved by applying one-lung ventilation (OLV) to the left lung and simultaneously collapsing and retracting the right lung during the thoracotomy. Severe episodic hypoxaemia may occur during this stage of the procedure, due to the shunting of blood via the non-ventilated right lung as well as surgically induced compression and torsion of the mediastinum. This problem can be partly overcome by applying continuous positive airway pressure (CPAP) to the collapsed right lung using 100% oxygen and if necessary by delivering 100% oxygen to the ventilated left lung. 5 Despite these measures, severe hypoxaemia cannot be avoided in some cases and often the right lung must be re-inflated to restore tissue oxygenation, with consequent interruption ofthe surgical procedure.
A prospective randomised study was undertaken to compare high frequency positive pressure ventilation (HFPPV) with conventional one-lung ventilation during anaesthesia for oesophagectomy.
METHODS AND MATERIALS
This study was approved by the Ethics Committee of the Hospital Services Department of the Hong Kong Government and informed consent was obtained during the preoperative visit. Fortytwo Chinese patients with carcinoma of the oesophagus scheduled for oesophagectomy via thoracotomy in the Queen Mary Hospital were randomly assigned to either the HFPPV or the OLV group.
The following preoperative data were recorded: age, sex, body weight, height, ASA class, serum albumin level, smoking and alcohol usage, arterial blood gases, forced vital capacity (FVC), forced expiratory flow in the first second (FEV l ), peak expiratory flow rate (PEFR) and Triflo test (peak inspiratory flow rate).
All patients were premedicated with pethidine 1.0 mg/kg and atropine 0.012 mg/kg intramuscularly one hour before induction. Anaesthesia was induced intravenously with fentanyl 2 mcg/kg and thiopentone 4 mg/kg, followed by suxamethonium 1.5 mg/kg and 1.0 to 2 mg/kg lignocaine 10% was used as laryngeal spray. Patients in the HFPPV group were intubated under direct vision with a single lumen polyvinylchloride (PVC) cuffed endotracheal tube of 8 or 9 mm ID. The OL V group were intubated with a PVC doublelumen Robertshaw left endobronchial tube (5.5 mm ID) using a flexible fibreoptic bronchoscope, ensuring bronchial cuff placement immediately below the carina. Muscle relaxation was sustained by an intravenous bolus dose of atracurium 0.6 mg/kg, followed by a continuous infusion which allowed a one twitch response in a train-of-four stimulatory pattern. Anaesthesia was maintained with isoflurane up to 2% in nitrous oxide and oxygen, supplemented by intravenous boluses of fentanyl.
During the laparotomy stage:
Both groups of patients were ventilated conventionally using a Siemens Servo 900C ventilator set in the following manner: tidal volume 10 mllkg, respiratory rate IO/minute, Fio 2 0.5, inspiratory to expiratory (I:E) ratio 1 :2, with a square wave ventilatory gas flow pattern.
During the thoracotomy stage:
The HFPPV group received high frequency positive pressure ventilation delivered by the Siemens Servo 900C ventilator with the following settings: minute volume 300 mllkg/min, respiratory rate lOO/minute, Fio 2 0.5, I:E ratio 1:2, with a square wave ventilatory flow pattern. 6 In the OL V group intermittent positive pressure ventilation (lPPV) to the left lung was achieved using the Siemens Servo 900C ventilator and the following ventilator settings: tidal volume 10 mllkg, respiratory rate 10/minute, Fio 2 0.5, I:E ratio 1:2, with a square wave gas flow pattern. CPAP of 5 cm H 2 0 was applied to the right (upper) lung using 100% oxygen insuillation and then the right lung was collapsed to facilitate oesophageal exposure.
Continuous patient monitoring included intraarterial blood pressure (IABP) via the radial artery, central venous pressure (CVP) via a catheter inserted in the antecubital fossa, electrocardiogram (ECG), pulse oximetry (Sa02), end-tidal capnography (ETC0 2 ), and airway pressure as displayed by the Siemens Servo 900C ventilator. Muscle relaxation was assessed with a peripheral nerve stimulator.
If hypoxaemia (Sa02 < 90%) occurred for more than thirty seconds in any patient, 100% oxygen was given in combination with isoflurane. If concomitant hypotension occurred, isoflurane was discontinued and anaesthesia was maintained with intravenous etomidate or ketamine. Should these measures fail to improve oxygenation and severe hypoxaemia occur (Sa02 < 80%), both lungs were ventilated manually with 100% oxygen and the surgical procedure was interrupted temporarily. During these hypoxic episodes blood gases were taken to estimate the worst P a o 2 and the lowest Sa02 was recorded from the oximeter, though for technical reasons, these measurements were not necessarily simultaneous.
The following intraoperative data were recorded for analysis:
haemodynamic --IABP, CVP, heart rate and presence of cardiac arrhythmias;
respiratory -Sa02, ETC0 2 , arterial blood gases, peak inspiratory pressure, mean airway pressure, incidence of hypoxaemia, necessity for lung re-inflation;
surgical -frequency of interruption of the procedure, the surgeon's subjective assessment of mediastinal depth, and the incidence of restricted oesophageal exposure due to inadequate right lung deflation. If the lung encroached into the surgical field, the HFPPV or CP AP was temporarily terminated to allow further lung deflation, and surgery then recommenced.
These data were collected during the following phases of surgery: at laparotomy, left lateral position before the right pleural cavity was opened, at 10-minute intervals after the right chest was opened for the first thirty minutes, then at fifteenminute intervals until the chest cavity was closed, and finally after the pleural cavity was closed when conventional two-lung ventilation had resumed.
Statistical significance (P < 0.05) was determined for ordinal scale data by Chi-square analysis and interval scale data were analysed by the Student's t test using the computer interactive statistical program MINIT AB, 7 and multivariate analysis of variance was determined using MRSP. 8 
RESULTS
There were 22 patients (two females) in the OLV group and twenty male patients in the HFPPV group. Preoperative demographic data (Table 1) The two groups were comparable with respect to the age, sex, body weight, height, serum albumin, lung function tests, arterial blood gases, ASA class, smoking/alcohol usage and the duration of general anaesthesia. All patients had a right thoracotomy performed to enable dissection of the oesophagus and there was no difference in the type of surgical procedure performed between the two ventilatory groups ( Table 2) . Respiratory data (Table 3) Episodes of oxygen de saturation (Sa02 less than 90% for more than thirty seconds) occurred in six patients in the HFPPV group compared with eleven patients in the OL V group (P < 0.2). No patient in the HFPPV group had a severe desaturation episode (Sa02 less than 80%) compared to nine patients in the OL V group, some of whom had multiple severe desaturation incidents (P < 0.01). The mean lowest measured P a o 2 in the HFPPV group was 87.8 mmHg (SD 36.8) compared to 72.8 mmHg (SD 22.5) in the OL V group, however, this difference was not statistically significant (P = 0.1). The maximum measured PaC02 was 40.5 mmHg (SD 6.0) and 41.3 mmHg (SO 6.8) in the HFPPV and OLV groups respectively. When comparison was made between the nine patients who had episodes of severe hypoxaemia and the remaining thirteen patients in the OL V group, no predictive factor was elicited in the preoperative data (Table 4) . Ventilatory data (Table 3) The peak inspiratory pressure (PIP) was 28.8 cm H20 (SO 7.7) in the HFPPV gropup and 40.0 cm H 2 0 (SD 9.9) in the OLV group (P< 0.01) and the average mean airway pressure (MA WP) was 7.2 cm H 2 0 (SO 2.4) in the HFPPV group and 11.9 cm H20 (SO 4.9) in the OLV group (P< 0.01). Surgical conditions (Table 3) The surgeon complained of restricted oesophageal access in seven cases receiving HFPPV and eight cases receiving OL V. An increase in the distance from the chest wall to the mediastinum was reported in six patients in the HFPPV group and two patients in the OL V group (P> 0.05). In Number of patients in whom the lung was deflated because of restriction to operative site access Number of patients in whom an increase in mediastinal depth was noted by the surgeon the postoperative period, five patients required mechanical ventilation, three in the HFPPV group and two in the OLV group (P> 0.5). These latter two patients had their Robertshaw tube replaced with a single-lumen PVC tracheal tube at the end of their surgical procedure. Haemodynamic data (Table 5 ) There were no statistically significant differences between the two groups in any of the measured haemodynamic parameters.
Postoperative mortality
Two patients from the OL V group died within the first thirty days postoperatively, one from aspiration of food (after transfer from the intensive care unit to the general ward) during an otherwise uneventful recovery, and the other from respiratory failure due to tumour invasion and obstruction of the trachea. Two patients in the HFPPV group also died within the same period, one due to respiratory failure and the other, diagnosed as having mitral regurgitation, due to cardiac failure. These latter two patients had their single-lumen PVC tracheal tube left in situ at the end of their surgical procedure and were ventilated postoperatively in the intensive care unit.
DISCUSSION
Oesophagectomy is a major procedure, usually performed in a high-risk patient population with a reported mortality (depending on patient selection) of 3 to 15%. 3, 9, 10 This study reports 42 consecutive patients undergoing thoracotomy for carcinoma of the oesophagus, in which patient selection was based only on surgical operability.lO Our preoperative assessment revealed elderly patients (mean age 62 years), the majority of whom were male, one-third were ASA class Ill, 80% were chronic smokers and. 70% of the patients used alcohol. Surprisingly, mean preoperative pulmonary function tests, arterial blood gas analysis and serum albumin levels were all within the normal range. Moreover, multivariate analysis revealed no association between any of the recorded preoperative data and intraoperative hypoxic episodes or postoperative mortality. The right lung is collapsed and extensively retracted during the thoracotomy phase of an oesophagectomy to provide adequate exposure for resection of the oesophageal carcinoma and to permit haemostatic control. 4 ,9 One-lung ventilation has been employed during this phase of the procedure facilitated by a double-lumen endobronchial tube and was frequently associated with severe hypoxaemia. 11 Hypoxaemia during oesophagectomy is acute and episodic, and the intermittent blood gas sampling techniques of the past allowed inadequate monitoring in this situation. Pulse oximetry now provides a reliable method of detection of these critical events and indicates the success or otherwise of manoeuvres employed to re-establish an adequate blood oxygen leve1. 12 ,13 The obligatory right-to-Ieft transpulmonary shunt creates a large alveolararterial oxygen tension gradient. 14 This is compounded by surgical compression and torsion of the heart and mediastinal structures decreasing venous return and consequently cardiac output. IS These patients also may have diminished cardiopulmonary reserve due to their age, chronic smoking and general cachexia. 16 Hypoxic pulmonary vasoconstriction and the gravitational effect of the lateral decubitus position preferentially distribute blood to the ventilated dependent lung. 14 Hoewever, the high peak and mean airway pressures (mean 40.0, SD 9.9 and 11.9, SD 4.9, cm H 2 0) associated with OLV cause shunting of blood towards the non-ventilated, nondependent lung. One-lung, large tidal volume ventilation, the resistance of the endobronchial tube to gas flow and the weight of the thorax on the lower lung contribute to this relatively high peak pressure. Manoeuvres employed to alleviate any pulmonary shunt usually involve a reduction in the extent of atelectasis in the non-dependent lung. Hirlinger demonstrated a 40 mmHg improvement in arterial oxygen tension with application of 5 mBar CPAP to the non-dependent lung in patients undergoing thoracic surgery and one-lung ventilation. 17 CP AP was applied to the right lung in our OL V group of patients, but hypoxaemic episodes still occurred in 50% of cases. Valid comparison of respiratory data measured during oesophagectomy and that available for patients undergoing pulmonary resection may not be possible. The underlying pathology that may necessitate pulmonary resection is quite different from any concomitant pulmonary disease that is incidentally present in the patient with carcinoma of the oesophagus. Furthermore, the oesophagectomy patient undergoes extensive mediastinal retraction and marked pulmonary compression without pulmonary vessel ligation, and the effects of these manoeuvres on hypoxic pulmonary vasoconstriction and pulmonary bloodflow have not been investigated in oesophagectomy patients.
Intermittent re-inflation of the collapsed lung during severe hypoxaemia may be required to restore oxygenation, but has the disadvantage of interrupting surgery at a time when it is critical that the surgeon has an unimpeded view of the operative site. IS Of the OLV patients, 41 % required lung re-inflation during the surgical procedure compared with none in the HFPPV group. Differential ventilation may be engaged to reduce the frequency and severity of hypoxic incidents, by applying either small tidal volume intermittent positive pressure ventilation (IppV)19 or high frequency jet ventilation 20 to the upper lung, however these techniques are complicated and expensive with respect to operating room space, personnel, time and equipment.
Episodic hypoxaemia could not be completely avoided in either group of patients and like Fischler and others, we were unabe to predict preoperatively which patients would become hypoxic during surgery.2l Some authors recommend 100% oxygen during one-lung anaesthesia. 22 However, this is not our practice because of the risk of intraoperative awareness and absorption atelectasis, particularly when the hypoxic episodes are episodic, brief and usually easily terminated.
Various modes of high frequency ventilation are now practised in thoracic anaesthesia. 23 Our results show some advantage of two-lung high frequency positive pressure ventilation (HFPPV) compared to conventional OL V during oesophagectomy. Severe hypoxaemia occurred in none of the patients in the HFPPV group. 50% of the OL V patients had episodic desaturation with an Sa02 less than 90%, and 41% of the OLV group developed severe hypoxaemia with an Sa02 less than 80%. Without the application of 100% oxygen insufflation CP AP to the non-dependent lung during OL V, hypoxic episodes will occur in nearly 100% of oesophagectomy patients. There was a statistically and clinically significant difference in the incidence, extent and duration of hypoxic events between the HFPPV and OL V patients (P< 0.01), but carbon dioxide elimination with both ventilatory modes was comparable. Presumably the degree of atelectasis, and therefore the intrapulmonary shunt, in the HFPPV group was not as severe as that in the OL V group despite the application of CP AP to the non-dependent lung with 100% oxygen in the OL V patients. A further contributing factor to the improved matching of ventilation and perfusion in the HFPPV patients was the lower PIP and MA WP compared to the OL V patients, reducing the shunting of blood to the non-dependent lung (P< 0.01). The lowest measured P a o 2 was technically difficult to estimate because during the hypoxic episode the Fio 2 was adjusted from 0.5 to 1.0, interruption of the continuous arterial pressure reading for blood sampling was inconvenient and predicting the timing of sample aspiration at peak desaturation was sometimes not possible.
Chronic smoking causes chronic obstructive airways disease (COAD) together with alveolar gas trapping and an increased closing volume. 24 Eighty per cent of the patients in this study were smokers, yet the conventional lung function tests were comparatively normal and demonstrated only mild derangement of their flow-volume loops. This may have accounted for the absence of airway pressure and carbon dioxide elmination problems in our HFPPV patients.
The upper oesophageal anastomosis requires extensive lung retraction. Restriction of oesophageal anastomotic exposure due to the partially inflated lung encroaching into the surgical field occurred with equal frequency in both groups of patients. Although subjective, the surgeon noted an increase in depth from the upper chest wall to the mediastinal operative site in 30% of the HFPPV patients, necessitating a small adjustment in surgical technique. This was presumably due to the lower intrathoracic pressure in the dependent chest cavity in the HFPPV group compared to the OL V group. The duration of the thoracotomy phase of the procedure was not prolonged.
OL V is usually facilitated with a double-lumen endobronchial tube. Anatomical distortion of the trachea IP-ay be an accompaniment of carcinoma of the oesophagus and correct placement of the endobronchial tube can be assured by direct vision with the aid of a fibreoptic bronchoscope. This considerably increases the complexity of intubation. Moreover, the double-lumen tube is frequently associated with complications in its own right, such as displacement, obstruction, and traumatic laryngitis. 2s The insertion of an ordinary single-lumen tracheal tube in the HFPPV patients is technically simpler and is associated with fewer side-effects when compared with a double-lumen endobronchial tube. However, HFPPV requires for some anaesthetists a new technology which may not be readily available to them, and the use of a single-lumen tube has to involve a lack of control Anaesthesia and Intensive Care, Vo/. 19, No. 2, May, 1991 over either lung compared with a double-lumen tube. The problems of dehydration and hypothermia usually associated with high frequency ventilation are less of a problem with HFPPV, as conventionally heated and humidified gases are easily delivered to the patient. Dependent lung soiling from upper lung pathology during thoracotomy in the lateral decubitus position is uncommon in oesophagectomy patients, as their lung disease is not suppurative and those patients with tumour invasion of the bronchial tree are usually only suitable for a palliative bypass procedure, which does not require a thoracotomy.
Two of the OL V and three of the HFPPV patients required mechanical ventilation postoperatively to support failing cardiopulmonary function following a complex surgical procedure, and two of these patients died within thirty days of operation. The remaining patients in this series were extubated in the operating theatre, transferred to the intensive therapy unit and randomly allocated to receive either epidural opioids or intramuscular morphine for pain relief (the subject of another study). Our experience (approximately ninety patients undergoing definitive or palliative surgery for oesophageal carcinoma per year) has shown early extubation to be advantageous for most of our oesophagectomy patients because, with adequate analgesia, the normal coughing mechanism is preserved and the possibility of positive pressure pulmonary barotrauma is avoided.
Two-lung HFPPV using the Siemens Servo 900C ventilator is a satisfactory ventilatory technique for oesophagectomy in our Chinese patients. However, occidental patients with carcinoma of the oesophagus may be obese (because of earlier diagnosis, racial body habitus and alcohol consumption) and have concurrent ischaemic heart disease, and as such, should be investigated as a different patient subgroup.
